In the present study, the activation of autophagy and its interaction with the mitochondrial fission machinery was investigated in an experimental model of Parkinson's disease. The addition of 50µM 6-hydroxydopamine (6-OHDA) to the dopaminergic cell line SH-SY5Y profoundly stimulated formation of autophagosomes within 12 h. Under these conditions, mitochondrial fission was also activated in a sustained manner, but this occurred at earlier time points (after 3 h). Upon 6-OHDA treatment, dynamin-related protein 1 (Drp1) transiently translocated to mitochondria, with increased levels of mitochondrial Drp1 being observed after 3 and 9 h. Pharmacological inhibition of Drp1, through treatment with the mitochondrial-division inhibitor-1 (mdivi-1), resulted in the abrogation of mitochondrial fission and in a decrease of the number of autophagic cells. In addition, 6-OHDA failed to induce the expression of the proapoptotic protein Bax in total cellular extracts although it did induce its migration to mitochondria. In our model, Bax migrated later than Drp1. However, Drp1 inhibition did not block Bax migration. These results show that reactive oxygen species but not quinone derivates act as mediators of autophagy at an early stage of the process. 6-OHDA induces hydrogen peroxide production, which was placed upstream of mitochondrial fission, given that mdivi-1 did not abrogate this increase. Furthermore, the 6-OHDA-induced activation of autophagy was also suppressed by addition of the free radical scavengers TEMPOL and MnTBAP. This effect could be reproduced by the addition of hydrogen peroxide, but not with aged 6-OHDA. To our knowledge, this is the first detailed study highlighting the various mediators that are implicated in mitochondrial alterations and autophagy of cells in response to 6-OHDA.
The regulation of dynamic mitochondrial processes such as fusion, fission, and mitophagy has been shown to be an important mechanism controlling cellular fate (Liesa et al., 2009 ).
An imbalance in mitochondrial dynamics may contribute to both familial and sporadic neurodegenerative diseases including Parkinson's disease (PD), a progressive neurodegenerative condition that is characterized by the presence of motor and nonmotor symptoms (Cho et al., 2010; Lees et al., 2009; Su et al., 2010; Thomas and Beal, 2007) . Evidence exists suggesting that an amplification of fission events can cause pathogenesis of human PD. Stress stimuli that are used to study PD, such as rotenone (De Palma et al., 2010) , annonacin (Escobar-Khondiker et al., 2007) , and 6-hydroxydopamine (6-OHDA) (Gomez-Lazaro et al., 2008a) , are capable of inducing mitochondrial fission. Also, human fibroblasts from PD patients exhibit elevated levels of fragmented mitochondria (Exner et al., 2007) .
Human cells contain a number of intracellular mechanisms that are essential for the removal of damaged or energy-deficient mitochondria. Macroautophagy, here simply referred to as autophagy, is one of the most prominent of these processes (Yorimitsu and Klionsky, 2005) and is important to maintain cellular homeostasis. Through the delivery of nonfunctional cytosolic proteins and organelles to lysosomes for degradation, autophagy yields a continuous turnover of cellular components (Cuervo, 2004) . Undoubtedly, there are multiple connections between autophagic and apoptotic processes, which jointly can determine the fate of cells (Leber and Andrews, 2010) .
Mitochondrial fission and autophagy are highly regulated process and are mediated by a defined set of proteins (Cerveny et al., 2001; Karbowski et al., 2004; Mozdy et al., 2000; Otsuga et al., 1998) . One of these proteins, dynamin-related protein 1 (Drp1), is a member of the dynamin family of large GTPases and mediates the scission of mitochondrial membranes through GTP hydrolysis. Drp1 predominantly is a cytoplasmic protein that associates with mitochondrial fission sites upon oligomerization (Labrousse et al., 1999; Legesse-Miller et al., 2003) . In addition, the proapoptotic Bax protein has been colocalized to scission sites on mitochondria, suggesting that the mitochondrial fission machinery cooperates with the cell death machinery (Karbowski et al., 2002) . In previous studies, we have shown that both proteins actively participate in the 6-OHDA preclinical model of PD (Gomez-Lazaro et al., 2008a,b) .
Under physiological conditions, 6-OHDA is rapidly and nonenzymatically oxidized by molecular oxygen to form 1,4-para-quinone and its degradation products (Gee and Davison, 1989) , along with production of ROS such as hydrogen peroxide (H 2 O 2 ). Quinones react with nucleotic groups of macromolecules, leading to inactive or destroyed quinoproteins. H 2 O 2 is central to mitochondrial oxidative damage and redox signaling, which acts as a direct redox signal independent of the accumulation of oxidative damage (Janssen-Heininger et al., 2008) .
Hitherto, no direct observations have been reported on the effect of 6-OHDA-induced mitochondrial fission and autophagy. In the present study, we found that 6-OHDA dramatically induced mitochondrial fragmentation, resulting in an increase in autophagy through a mechanism that was meditated by reactive oxygen species and Drp1 but not by Bax.
MATERIAL AND METHODS
Reagents and plasmids. Dulbecco's modified Eagle medium (DMEM)-F12, penicillin-streptomycin, gentamicin, and fetal bovine serum (FBS) were purchased from Gibco Invitrogen, and 6-hydroxydopmaine (6-OHDA) was purchased from Sigma-Aldrich. MnTBAP and TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl) were purchased from Calbiochem. The BCA protein assay was from Pierce, and the pDsRed2-mito vector was provided by Clontech. GFP-Bax was a gift from Dr J.H.M. Prehn (Department of Physiology and RCSI Neuroscience Research Centre, Royal College of Surgeons, Ireland), and Drp1-GFP was kindly provided by T. Wilson and Dr S. Strack (Department of Pharmacology, University of Iowa Carver College of Medicine).
Cell culture and drug treatment procedures. SH-SY5Y cell lines were obtained from the American Type Culture Collection. Cell cultures were grown in a humidified cell incubator at 37°C under a 5% CO 2 atmosphere in DMEM-F12 supplemented with 2mM L-glutamine, 20 units·ml −1 penicillin-streptomycin, 5 mg·ml −1 gentamicin, and 15% (v/v) FBS, as described previously (Jordan et al., 2004) . 6-OHDA was added to culture medium at final concentrations of 50µM. Duration of pretreatment with the antioxidant drugs TEMPOL (0.2μM) and MnTBAP (10nM) was 30 min. For both compounds, we have verified that the treatment was not inducing cell death in control cells.
Transfections. Twenty-four hours before transfection, cells were plated at a density of 5.3 × 104 cells/cm 2 on IDIBI-coated glass dishes. Transfection was achieved using Lipofectamine reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Cells were transfected with plasmids encoding pDsRed2, Drp1-GFP, and Bax-GFP (see Solesio et al., forthcoming) . After 4 h of incubation, the transfection mixture was removed and replaced with fresh complete medium. Experiments were performed 24 h after transfection to allow protein expression.
Analysis of mitochondrial morphology. Cells were transfected with pDsRed2-Mito, which leads to the expression of fluorescent DsRed2 in mitochondria, thereby labeling the organelles. The transfected cells were subjected to experimental treatments, and mitochondrial morphology was evaluated by fluorescence microscopy. For quantification, the percentage of cells with abnormal mitochondrial morphologies was determined and taken as a measure of the proportion of cells with fragmented mitochondria. Most of the cells had either fragmented or filamentous mitochondria, whereas a small percentage (< 10%) of the cells contained both fragmented and filamentous mitochondria. In case of the latter, the mitochondrial morphology was classified according to the majority (> 70%) of the mitochondria.
Reactive oxygen species measurement. Reactive oxygen species (ROS) in SH-SY5Ycells were detected using 2′,7′-dichlorofluorescin diacetate (H 2 -DCF-DA; Molecular Probes, Eugene, OR). H 2 -DCF-DA is a nonpolar compound that rapidly diffuses into cells, where it is hydrolyzed to the fluorescent polar derivative DCF and gets trapped within the cells. H 2 -DCF-DA (10μM) was added to the cells. After incubation for 30 min at 37°C, the liquid was removed and KREBS was added. Intracellular ROS accumulation in cells with or without 6-OHDA treatment was measured in a Spectra Max Gemini XS (Molecular Devices). The relative level of ROS production was determined by calculating the average value from four wells in at least three independent cultures.
Image acquisition and processing. Micrographs were processed with Huygens Deconvolution Software (Scientific Volume Imaging) and Adobe Photoshop. For quantitative analysis of mitochondrial morphology, the three patterns of mitochondrial morphology (filamentous, punctuate, or intermediate) were recorded in at least 100 cells per coverslip observed on adjacent fields at magnification 63×. We assessed the robustness of this classification by comparing data obtained with separate cover slips from the same experiment and from successive passages. In addition, monitoring of the mitochondrial morphology was performed by two independent examiners on three different cultures. The proportions observed were similar in all these experiments, demonstrating that mitochondrial morphology could be reliably analyzed and did not vary within and between experiments under basal culture conditions. We performed the experiments using a "blind" counter.
Determination of subcellular concentrations of Drp1 and Bax. For measurements of subcellular concentrations of Drp1 and Bax, cells were washed with PBS and lysed for 5 min in 30 μl office-cold lysis buffer, consisting of 80mM KCl, 250mM sucrose, 500 μg/ml digitonin, and 1 μg/ml each of the protease inhibitors leupeptin, aprotinin, and pepstatin, and 0.1mM PMSF in PBS. Cell lysates were centrifuged for 5 min at 10,000 g. Protein concentrations were quantified spectrophotometrically (Micro BCA Protein Reagent Kit; Pierce, Rockford, IL), and equal amounts of protein (30 μg) were loaded onto 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels. After electrophoresis, proteins were transferred to polyvinylidene difluoride membranes (Immobilon; Millipore Corporation, Billerica, MA). Nonspecific protein binding was blocked with Blotto (4% wt/vol nonfat dried milk, 4% bovine serum albumin [Sigma] , and 0.1% Tween 20 [Sigma]) in PBS for 1 h. The membranes were incubated with anti-Bax (1:1000 dilution of an anti-rabbit polyclonal, Cell Signaling) and anti-Drp1 (1:1000 dilution of anti-mouse monoclonal from BD Biosciences) overnight at 4°C. After washing with Blotto, the membranes were incubated with a secondary antibody (1:5000 dilution of a peroxidase-conjugated anti-mouse polyclonal from Promega, Madison, WI) in Blotto. The signal was detected using an enhanced chemiluminescence detection kit (GE Healthcare, Little Chalfont, Buckinghamshire, UK).
Statistics. Statistically significant differences between groups were determined by ANOVA followed by a Newman-Keuls post hoc analysis. The cutoff level of statistical significance was set at p < 0.05.
RESULTS

Autophagy is Activated by 6-OHDA Treatment
The protein LC3 has been used as a specific marker for quantification of autophagosomes, and overexpression of GFP-LC3 is a well-accepted, straightforward, and specific assessment 412 SOLESIO ET AL. of autophagosome formation. Upon induction of autophagy, LC3 is conjugated to phosphatidylethanolamine and targeted to autophagic membranes. We transfected SH-SY5Y cells with GFP-LC3 and allowed its expression for 24 h prior to further treatments. When these cells were cultured in regular DMEM supplemented with 10% FBS, only a small number of GFP-LC3 dots were observed (4 ± 0.23 cell −1 ) (Figs. 1A and B) . Next, 25, 50, and 100µM 6-OHDA was added to SH-SY5Y cell cultures, and autophagosome formation was quantified at different time points. Cells with more than five autophagosomes were counted as autophagic cells. 6-OHDA induced and increased the number of GFP-LC3 dots per cell in a concentration-and time-dependent manner (Fig. 1A) .
The unconjugated (LC3-I) and conjugated forms (LC3-II) of LC3 can be separated by SDS-PAGE. Immunoblot analysis showed that mock-treated SH-SY5Y cells barely contained detectable levels of LC3b-II during the 12 h of the experiment. In contrast, treatment with 50µM 6-OHDA-induced accumulation of LC3b-II, which was detectable after 12 h of treatment (Fig. 1D) . The increase of LC3-II immunoreactivity correlated with a decrease of LC3-I, suggesting that autophagy occurred at a very high rate (Fig. 1D) . Withdrawal of serum from the medium was used as a positive control of this event (Fig. 1D ).
Drp1 Mediates 6-OHDA-Induced Mitochondrial Fission
At this point, the question arose whether autophagy is activated by mitochondrial fission. Our previous work has shown that 6-OHDA induces mitochondrial fission in SH-SY5Y cell cultures (Gomez-Lazaro et al., 2008a ). In our current study, we have used a new approach, exploiting the pDsRed2-mito plasmid to express the mitochondrial protein DsRed2. As expected, untreated cells present mitochondria with a longitudinal aspect. Addition of 50µM 6-OHDA results in morphologically altered mitochondria, with apparently shorter filaments (Supplementary fig. 1 , also see Gomez-Lazaro et al., 2008b) . Quantitative analysis revealed that addition of 6-OHDA resulted in an increase in the proportion of cells with mitochondrial morphology Twelve hours after 50µM 6-OHDA addition, total cellular extracts were collected. Equal amounts of protein (30 μg/lane) were loaded on the gels. The immunoblot shown is representative of three independent experiments. Histograms: Quantitative analysis of the ratio of LC3-II to LC3-I (n = 3) (*p < 0.05; t-test).
MITOPHAGY IN THE 6-HYDOXYDOPAMINE PARKINSON'S DISEASE MODEL alterations, being 24% (p < 0.05) after 3 h and 46% (p < 0.01) after 12 h of treatment. The increase in the number of cells with mitochondrial morphology alterations was already noticeable at early time points.
Drp1 is a cytosolic protein that migrates to mitochondria to induce mitochondrial fission (Lee et al., 2004) . To gain insight in the relevance of mitochondrial fission for 6-OHDA-induced autophagy, the participation of this protein in autophagy was assayed. First, using immunoblot analysis, we demonstrated that the cellular levels of total Drp1 remained unchanged after 6-OHDA treatments, at all of the time points that were assayed (3-24 h; Fig. 2A ). However, immunoblots with mitochondrial fractions revealed recruitment of Drp1 to mitochondria in SH-SY5Y cell cultures that were challenged with 6-OHDA (Fig. 2B ). This effect was evident after 3 h of treatment, sustained at 9 h, and levels of mitochondrial Drp1 returned to basal levels after 24 h of treatment (Fig. 2B) .
Second, SH-SY5Y cells were transfected with the fluorescent chimeric protein GFP-Drp1, which enables us to identify the intracellular localization of Drp1 using confocal microscopy. Untreated cells showed cytosolic localization of GFP-Drp1 (Fig. 2C ). Upon treatment with 50µM 6-OHDA, a punctuated distribution of GFP-Drp1 was observed, indicating that Drp1 was efficiently translocated to the mitochondria in a time-dependent manner (Figs. 2D and E) . The proportion of cells with a punctuated appearance of Drp1 rose to about 40% after 3 h of 6-OHDA treatment.
Next, in a pharmacological approach to investigate the relevance of this protein for autophagy, we used the Drp1-inhibitor drug mitochondria-division inhibitor-1 (mdivi-1). Incubation with mdivi-1 (10µM) led to increased length and interconnectivity of the mitochondrial network in SH-SY5Y cell cultures (Fig. 3B ) and prevented 6-OHDA-induced mitochondrial fission (Fig. 3E) . Subsequently, we determined the number of autophagic cells in cultures that were pretreated for 30 min with 10µM mdivi-1 before being challenged with 50µM 6-OHDA. After 12 h of 6-OHDA treatment, we determined the percentage of autophagic cells. Exposure to mdivi-1 decreased the number of autophagic cells by about 73.5% (Fig. 3F) . In addition, mdivi-1 pretreatment significantly inhibited the 6-OHDA-induced accumulation of LC3b-II levels in SH-SY5Y cells after 12 h of treatment (Fig. 1D) .
Bax Does Not Participate in 6-OHDA-Induced Autophagy
Previously, we have shown that Bax is a proapoptotic protein that is involved in the 6-OHDA-induced PD model (GomezLazaro et al., 2008b) . Now, we investigated the significance of Bax in 6-OHDA-induced autophagy. 6-OHDA did not induce an increase of Bax protein levels in total cellular extracts. However, we observed mitochondrial Bax recruitment 9 h after addition of 50µM 6-OHDA ( Fig. 4 ; see Gomez-Lazaro et al., 2008b) . Furthermore, using the fluorescent protein Bax-GFP, we observed that upon 6-OHDA treatment its appearance changed from diffuse fluorescence in the cytoplasm to a more punctuated distribution ( Fig. 4A ; see Gomez-Lazaro et al., 2008b) . These results place Bax translocation downstream of mitochondrial fission in the 6-OHDA-induced PD model. Subsequently, we analyzed whether Drp1 inhibition would modulate 6-OHDA-induced Bax translocation. Cell cultures were pretreated with mdivi-1 for 30 min prior to the addition of 50µM 6-OHDA. Twelve hours after 6-OHDA addition, mdivi-1 pretreated cell cultures presented a comparable number of cells with a punctuated GFP-Bax distribution as mdivi-1-untreated control cells (Fig. 4D) .
Next, we studied the significance of Bax in 6-OHDAinduced autophagy. Mouse embryonic fibroblasts (MEFs) from wild-type and Bax knockout animals (Bax −/− MEFs) were transfected with GFP-LC3 plasmid, 24 h before exposure to 50µM 6-OHDA. As shown in Figure 4E , the lack of Bax did not decrease the percentage of autophagic cells in Bax knockout animals 12 h after 6-OHDA addition compared with wild-type MEF cells.
ROS Participate in 6-OHDA-Induced Autophagy
Under physiological conditions, 6-OHDA is rapidly and nonenzymatically oxidized to form 1,4-para-quinone and its degradation products (Gee and Davison, 1989) , along with production of ROS such as H 2 O 2 . To determine whether ROS participate in our model, we used the dye CM-H 2 DCF-DA to measure peroxide-like formation. Differences in cellular H 2 O 2 during different treatments were examined by comparing the 2ʹ,7ʹ-dichlorofluorescein (DCF) formation in cells challenged or not with 6-OHDA (Fig. 5A ). There was significant increase in DCF fluorescence levels by 3 h after treatment. Furthermore, the pretreatment with mitochondrial fission inhibitor mdivi-1 did not decrease this rise in ROS production. (Fig. 5A) .
The role of ROS in our model was approached using two broad spectrum antioxidant drugs, TEMPOL and MnTBAP. Both ROS-scavenger drugs abrogated the increase in the number of 6-OHDA-induced autophagic cells, 12 h after 6-OHDA treatments (Fig. 5B) . Furthermore, we challenged the cell cultures with 100µM H 2 O 2 . After 12 h of treatment, H 2 O 2 induced a robust increase in autophagy (Fig. 5B) .
We used aged 6-OHDA, which has lost the ROS-inductor capacity, to investigate the role of quinone derivates. Cell cultures were treated with 50µM aged 6-OHDA, and autophagy activation was assayed. As shown in histograms, aged 6-OHDA failed to induce an increase in the number autophagosomes per cell (Fig. 5B ).
DIScUSSION
A number of studies have investigated mitochondrial dynamics in different PD models. However, none of these have directly compared the activation of mitochondrial fission and autophagy in the human neuroblastoma cell model of PD as a consequence 6-OHDA addition. We took advantage of 
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GFP-fusions to Drp1, Bax, and LC3 to study mitochondrial morphology alterations, Bax translocation, and autophagy in time-course experiments, and we used a pharmacological approach to elucidate plausible interrelationships between these events. Consistent with our previous observations (Gomez-Lazaro et al., 2008a) , SH-SY5Y cell cultures showed a significant increase in the percentage of cells with truncated or fragmented mitochondria upon 6-OHDA treatment. This process was dependent on the mitochondrial fission factor Drp1. Drp1 is a cytosolic protein that forms oligomers, which are recruited to the outer mitochondrial membrane and constrict the organelle in a GTPase-dependent manner (Fukushima et al., 2001; Zhu et al., 2004) . We observed that Drp1 translocated to mitochondria 3 h after addition of 50µM 6-OHDA although the levels of total Drp1 were unchanged in cellular extracts. The relevance of this protein for mitochondrial fission was evidenced further by pretreating the cells with the mdivi-1. mdivi-1 prevents docking of Drp1 at the mitochondrial outer membrane and, consequently, reduces mitochondrial fission after several insults (Cassidy-Stone et al., 2008; Cereghetti et al., 2008) . Consistent with this, we observed that mdivi-1 significantly attenuated 6-OHDA-induced mitochondrial fission.
After 6-OHDA addition, the proapoptotic protein Bax also translocated from the cytosol to the mitochondria in SH-SY5Y cells. In our experimental model, this process took place after mitochondrial fragmentation and Drp1 translocation. SH-SY5Y cells consistently showed mitochondrial Bax localization 6 h after 6-OHDA addition. We were unable to find mitochondrial Bax-aggregation loci at the very early time points where mitochondrial fragmentation was already evident (< 3 h of treatment). mdivi-1 failed to abrogate the translocation of Bax to the mitochondria upon 6-OHDA additions. Consequently, the 6-OHDA-induced mitochondrial Bax translocation was independent of Drp1 and mitochondrial fission. In agreement with this, in Drp1 −/− cells (Ishihara et al., 2009) or in cells that were transfected with a dominant negative allele, DrpK38A, that is defective in GTP binding (Frank et al., 2001; Germain Cell cultures overexpressing Bax-GFP were pretreated (or not) with mdivi-1 for 30 min prior to the addition of 50µM 6-OHDA. After 12 h of 6-OHDA treatment, the percentages of cells with punctuate Bax-GFP distribution were determined. (E) Lack of Bax protein expression does not affect the autophagosome formation that is triggered by 6-OHDA. Percentages of autophagic cells, determined as the proportions of MEF cells expressing LC3-GFP, upon a 12 h treatment with 50µM 6-OHDA. Cells with more than 5 LC3-GFP dots were considered positive. In C-E, data are the mean ± SEM of at least three independent experiments, each performed in triplicate. Significant differences between treated cells and controls are indicated (**p < 0.01).
MITOPHAGY IN THE 6-HYDOXYDOPAMINE PARKINSON'S DISEASE MODEL et al., 2005; Karbowski et al., 2002; Lee et al., 2004) , Bax translocates to the mitochondria with kinetics similar to those observed in wild-type cells. Moreover, mitochondrial release of proapoptotic proteins, as Smac/DIABLO, is not affected by the absence of Drp1 (Estaquier and Arnoult, 2007; Parone et al., 2006) . Accordingly, Bax is dispensable for mitochondrial fission in the 6-OHDA model (Gomez-Lazaro et al., 2008a) but also when fission is induced by hFis1 or by a widely used intrinsic apoptotic stimulus (Gomez-Lazaro et al., 2008a) .
Our results showed that autophagy is induced by 6-OHDA treatment. The 6-OHDA-induced autophagy correlated with an increase in the LC3-II protein level and with the accumulation of autophagic vacuoles in the cytoplasm. Consistent with our data, accumulation of autophagic vacuoles and activation of lysosomes have been observed in nigral rat neurons that had been treated with 6-OHDA (Li et al., 2011) . Autophagy seems to be involved in mitochondrial quality control by promoting the removal of damaged mitochondria. Our data indicate the involvement of autophagy in the degradation of altered mitochondria. To establish this further, we monitored autophagosome formation in cells that were coexpressing GFP-LC3 and the mitochondrial protein DsRed2. Among the total mitochondrial population, autophagosomes appeared to associate specifically with fragmented mitochondria. In 6-OHDA-challenged SH-SY5Y cells, the formation of autophagosomes took place distant from the mitochondria and in a time-dependent manner. The autophagosomes specifically approach fragmented mitochondria, as indicated by the observed colocalization at the later time points of 6-OHDA treatment. Consistent with our data, the mitochondrial quality control hypothesis postulates that dysfunctional mitochondria are susceptible to degradation (Twig et al., 2008) and that mitochondrial elongation serves to protect mitochondria from mitophagy (Gomes et al., 2011; Rambold et al., 2011) . Another study has shown that cytoplasmic components are degraded during the initial period of starvation (0-6 h), whereas mitochondria become a substrate of lysosomes much later (Kristensen et al., 2008) . It remains to be determined whether the induction of autophagy by 6-OHDA is related to cell death or to a cytoprotective response, which is activated by dying cells in order to cope with stress. In a previous study, tyrosine hydrolase-positive neurons in substantia nigra were protected from 6-OHDA-induced cell death when they were pretreated with the autophagy inhibitor 3-methyladenine (Li et al., 2011) . On the other hand, experiments using neuron-specific knockout mouse models have demonstrated that autophagy deficiency leads to protein aggregation and neurodegeneration, even in the absence of disease-related aggregate-prone proteins (He and Klionsky, 2006) .
Further, we investigated the signaling pathways that are involved in 6-OHDA-induced mitochondrial fission and autophagy, which revealed a key role for ROS. Our data demonstrated a relationship between ROS and 6-OHDAinduced mitochondrial fission and, subsequently, mitophagy. Intriguingly, 6-OHDA increases H 2 O 2 between the cells. We reach this observation using the dye CM-H2DCF-DA to measure peroxide-like formation. This specific toll allows us ascertain the role of ROS into the mitochondrial dynamic process. Thus, H 2 O 2 production is upstream of mitochondrial fission, given that the inhibition of this dynamic process, by mdivi-1, did not block mitochondrial H 2 O 2 after 6-OHDA treatments. In addition, TEMPOL and MnTBAP, two well-known antioxidant drugs, abolished translocation of Drp1 to mitochondria and, consequently, 6-OHDA-induced mitochondrial fission. In keeping with this interpretation, oxidative stress might be responsible for induced mitochondrial fission in several processes, including PD, perhaps due to a redox posttranslational change in Drp1 protein Lipton, 2010, 2011) .
In conclusion, our findings show that 6-OHDA induces autophagy in human SH-SY5Y cells, which is mediated in part by the mitochondrial fission signaling pathways. Furthermore, ROS contribute to fission and autophagy in this neurodegenerative disease model. Deciphering the signaling cascades that underlie mitophagy triggered by 6-OHDA in SH-SY5Y cell cultures, as well as the mechanisms that determine the selectivity of this response, will help to better understand this process and may have impact on human treatment strategies of PD.
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